We have studied the survival requirements of osteoblasts to test the hypothesis that osteoblasts undergo programmed cell death (PCD) or apoptosis unless they are continuously signalled by other cells not to do so. Osteoblasts survived for 6 days in culture at high cell density in the absence of other cell types, serum or exogenous proteins, but they died with the morphological features of apoptosis in these conditions at low cell density. Osteoblast survival was enhanced during the first 2 days of culture by the addition of the sulphydryl compound, cysteine to the culture medium which was converted intracellularly to the antioxidant glutathione. Catalase, an enzyme decomposing hydrogen peroxide, also protected the cells, whereas superoxide dismutase had no effect. Therefore, osteoblasts in culture are sensitive to toxic compounds derived from molecular oxygen, i.e. hydroxyl radicals or hydrogen peroxide spontaneously generated in CMRL medium containing ascorbate and ferrous ions. Conditioned medium from high density cultures prevented osteoblast apoptosis in low density cultures, as long as antioxidants were also present. The enhancing effect of conditioned medium on osteoblast survival was prevented by neutralizing antibodies to insulin-like growth factor-I (IGF-I) and IGF-II but not by antibodies to either platelet-derived growth factor (PDGF) or basic fibroblast growth factor (bFGF). These results suggest that in addition to regulating cell growth and differentiation, IGF-I and IGF-II also function as survival factors for osteoblasts. Our data also indicate that antioxidants are required for osteoblast survival and that they enhance growth factor mediated osteoblast survival.
Introduction
Compared with the great effort that has been devoted to studying the control of cell proliferation, remarkably little work has been done on the control of cell survival. Yet for some vertebrate cell types at least, it is clear that signals from other cells are required for cell survival, just as they are for cell growth and proliferation (Baserga 1985) . Osteoblasts and oligodendrocytes require specific growth factors such as insulin-like growth factor-I (IGF-I) and IGF-II (Barres et al. 1992 , Hill et al. 1997 , developing neurons require neurotrophic factors (Levi-Montalcini 1987) and myeloid cells require colony-stimulating factors (Williams et al. 1990) . If deprived of their survival factors, these cells seem to activate an intrinsic death programme and kill themselves -a process called apoptosis. Because apoptosis is frequently the end-result of a temporal course of cellular events, it is sometimes referred to as programmed cell death (PCD). PCD occurs in a wide variety of cell types and is recognized to have a major impact on the development of numerous systems (Wyllie 1980 . Historically, the term apoptosis refers to the characteristic morphology of cells undergoing PCD. Apoptotic cells appear shrunken, with extensive membrane blebbing and nuclear fragmentation . The end point in PCD involves the fragmentation of the cells into membrane-bound vesicles containing cellular remnants of protein and fragmented chromatin, referred to as apoptotic bodies.
It has been hypothesized that all mammalian cells except for blastomeres (Biggers et al. 1971) , are programmed to kill themselves unless they are continuously signalled by other cells not to do so (Raff 1992) . Such 'social' controls on cell survival would ensure that cells only survive when and where they are needed. This hypothesis is valid for lens epithelial cells and chondrocytes (Ishizaki et al. 1993 (Ishizaki et al. , 1994 . Both cells types can survive in the absence of other cell types, serum and exogenous proteins if cultured at high density, but they undergo PCD if cultured in these conditions at low cell density (Ishizaki et al. 1993 (Ishizaki et al. , 1994 . It would appear that chondrocytes are sensitive to growth factor deprivation and toxic oxygen metabolites derived from molecular oxygen, i.e. hydroxyl radicals or hydrogen peroxide, although their relative contribution to chondrocyte survival remains uncertain. Cartilage is an unusual tissue in that it contains only a single cell type and is not innervated, vascularized or penetrated by lymphatic vessels (Goss 1978 , Fawcett 1986 . It is possible that chondrocytes have adapted to their environment in some manner which has permitted them to survive under these conditions. Recent studies highlight the importance of osteoblast apoptosis in bone diseases such as glucocorticoid-induced osteoporosis and the use of agents such as bisphosphonates (Plotkin et al. 1999) and oestrogen (Gohel et al. 1999) in preventing apoptosis in osteoblasts.
In the present study, we set out to challenge this death-by-default hypothesis by focusing on bone, a tissue which comprises more than one cell type. In particular we assessed the survival requirements of osteoblasts as this cell type can be isolated from bone tissue free from contaminating cell types. Our aim was to establish whether osteoblasts can survive in a similar manner to chondrocytes and determine the survival requirements of these cells in culture.
Materials and Methods

Reagents
Terminal deoxynucleotidyl transferase, biotinylated dUTP and streptavidin fluorescein were purchased from Boehringer Mannheim GmbH, Lewes, East Sussex, UK. 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and all cell culture reagents were purchased from Sigma Chemical Co. (St Louis, MO, USA). The following anti-human polyclonal antibodies were purchased from R and D Systems (Abbingdon, Oxford, UK): IGF-I, IGF-II, basic fibroblast growth factor (bFGF) and platelet-derived growth factor (PDGF). 
Preparation and characterization of osteoblasts from neonatal mouse calvaria
Murine calvarial osteoblasts were prepared and characterized as previously described (Heath et al. 1984) . Briefly, neonatal mouse calvariae were dissected free from adherent soft tissue, washed in Ca 2+ -and Mg
2+
-free Tyrode's solution (10 min) and sequentially digested with 1 mg/ml trypsin (10 min), 2 mg/ml dispase (30 min) and 2 mg/ml collagenase (2 30 min). Cells released by the last two collagenase digestions were washed and grown in alpha modification of minimum essential medium ( MEM) containing 10% FBS and antibiotics for 4 days prior to use. Osteoblasts were characterized for alkaline phosphatase by incubating the cells for 45 min at room temperature in 0·1 M Tris-HCl containing 0·1 mg/ml naphthol AS-MX phosphate and 0·6 mg/ml fast red TR salt. Intracellular accumulation of cyclic AMP in response to parathyroid hormone was measured by enzyme immunoassay (Amersham).
Preparation of osteoblast conditioned medium
Osteoblasts were cultured in 96-well tissue culture plates at 10 5 cells/well and medium was removed and replaced by fresh CMRL medium every 2 days. The conditioned medium was immediately transferred to low density cultures, which were fed with conditioned medium every 2 days.
Fractionation of conditioned medium by ultrafiltration
A 1·5 ml volume of conditioned medium from high density osteoblast cultures was poured into the filter cup of a Millipore ultrafiltration unit (molecular mass cut-off 5 kDa), and centrifuged at 3000 g for 45 min at room temperature. The concentrate (1·0 ml) and filtrate (0·5 ml) were sterilized by passage through a 0·22 µm Millipore filter and immediately transferred to low density osteoblast cultures.
Osteoblast survival assays
For survival assays, osteoblasts were plated in 100 µl of CMRL-1066 medium with 1% FCS for 2 h to permit adhesion of osteoblasts. Thereafter media was replaced with serum-free CMRL-1066 medium containing thymidine (10 3 M) to block cell proliferation, with or without cysteine or osteoblast conditioned medium (see below).
The human osteoblastic cell line MG63 was used in some experiments. These cells have a well characterized osteoblast phenotype and are frequently used to study the effects of cytokines and growth factors in vitro.
MTT assay Cell survival was assayed in flat-bottomed 96-well microtitre plates. Cell survival was assessed by the MTT assay, which measures mitochondrial dehydrogenase activity (Mosmann 1983) . MTT was dissolved in PBS at a concentration of 5 mg/ml and sterilized by passage through a 0·22 µm filter. This stock solution was added (one part to ten parts medium) to each well of a 96-well tissue culture plate, and the plate was incubated at 37 C for 4 h. Viable cells with active mitochondria cleave the tetrazolium ring into a dark blue formazan reaction product. Acid-isopropanol (400 µl of 10 M HCl in 100 ml isopropanol) was added to all wells and mixed thoroughly to dissolve the dark blue crystals. After a few minutes at room temperature, to ensure that all the crystals were dissolved, the plates were read on a microplate reader at a wavelength of 570-630 nm.
Osteoblast proliferation assay
Primary osteoblasts were plated at a density of 1 10 4 cells/well of a 96-well plate and cultured for 48 h in CMRL-1066 medium with and without either 10% FCS or conditioned media from high density osteoblast cultures in the presence or absence of cold thymidine (10 3 M). The cells were pulsed for the last 6 h with 1 µCi [ 3 H]cytidine and DNA associated radioactivity was performed at the end of the experiment by fixing the cells with 5% TCA at 4 C for 10 min and washing in PBS and the cells were detached with trypsin-EDTA solution (0·5%:0·02%).
Identification of apoptotic osteoblasts
(a) TUNEL assay Apoptosis-induced DNA strand breaks were enzymatically labelled by a fluorescein isothiocyanate (FITC) in situ cell-death detection kit (Boehringer Mannheim) based on a terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-nick-end labelling (TUNEL) technique which stains individual apoptotic nuclei with green fluorescence (Gavrieli et al. 1992) . Briefly, cells were fixed in 4% paraformaldehyde for 10 min, washed in 10 mM Tris-HCl, pH 8·0, and then permeabilized in 0·1% Triton X-100 in 0·1 M sodium citrate for 5 min on ice. After washing in 10 mM TrisHCl, pH 8·0 the cells were incubated for 60 min with TdT and FITC-dUTP at 37 C. After washing in PBS, the cells were examined in a Leica fluorescence microscope.
(b) DNA fragmentation This was analysed by agarose gel electrophoresis. Primary mouse osteoblasts were cultured in serum-free CMRL-1066 medium. Adherent cells were lysed with 0·1 M NaCl, 10 mM Tris-HCl (pH 7·5) and 1 mM EDTA in 0·3% SDS, and incubated with proteinase K (500 µg/ml) at 55 C for 15 h. Samples were extracted with an equal volume of phenol:chloroform, and the total DNA contained in the aqueous phase was precipitated with a 1/10 volume of sodium acetate 3 M, pH 6·6, and a 2·5 volume of ethanol at 80 C for 15 h. DNA pellets were obtained by centrifugation (13 000 g for 15 min) and resuspended in 50 µl of 10 mM Tris-HCl (pH 8·0) and 1 mM EDTA. Samples were then treated with 10 U/ml of DNAse-free RNAse for 1 h at 37 C. Electrophoresis was performed on a 2% agarose gel at 50 V for 1·5 h in the presence of 0·5 µg/ml of ethidium bromide.
Statistical analysis
Data are expressed as the means ..s of six cultures per group. Each experiment was performed three times. Differences between control and treatment groups were determined by the Mann-Whitney U test.
Results
Characterization of murine osteoblasts
Unstimulated cultures of primary mouse osteoblasts were characterized by histochemical staining for alkaline phosphatase and intracellular accumulation of cAMP in response to PTH. 88·2 2·4% of cells from six separate bone cell preparations were found to be strongly positive for alkaline phosphatase. Treatment of primary mouse osteoblast cultures with PTH (10 8 M) for 10 min induced a cAMP level of 10·7 1·8 pmol/ml compared with a control level of 2·34 pmol/ml.
Osteoblast survival in protein-free medium is cell-density dependent
To study the survival requirements of osteoblasts in culture, osteoblasts prepared from calvaria of 2-day-old mice were cultured at various cell densities in serum-free CMRL medium containing thymidine (10 3 M) but no added protein in 96-well plates. Addition of thymidine blocks cell proliferation and therefore permits assessment of factors on cell survival (Murgo et al. 1980) . Cell survival was assessed by the MTT assay after various times. Viable cells converted the MTT into a dark blue reaction product, while dead cells remained uncoloured. The survival of osteoblasts was cell-density dependent: when plated at d2 10 4 cells/well, 30% of the cells survived for up to 144 h, but when plated at c5 10 3 cells/well, all the cells had died by 144 h (Fig. 1a) . To confirm our hypothesis that the dead osteoblasts were undergoing apoptosis rather than necrosis, we examined the cells by TUNEL labelling of nuclei with FITC-dUTP and found that a large proportion of the cells had clear-cut staining indicative of chromatin condensation at the nuclear membrane (Fig. 2) . The occurrence of apoptosis, as opposed to necrosis, in primary mouse osteoblasts was confirmed by the demonstration of 180 bp DNA fragments, and multimers thereof, in cell extracts (Fig. 3) .
Antioxidants prevent osteoblast cell death
As many inhibitors of apoptosis have antioxidant properties we assessed the effects of a variety of antioxidants on osteoblast survival. The addition of cysteine to the culture medium greatly enhanced the survival of mouse osteoblasts, especially when cultured at c5 10 3 cells/well, but only for the first 48 h of culture (Fig. 1b) . Thereafter, most of the cells died with the characteristic features of apoptosis. Cystine also promoted survival, but to a lesser extent than cysteine (Table 1 ). The ability of cysteine to promote survival apparently depended on the intracellular conversion by glutathione synthase to the antioxidant glutathione, as an inhibitor of glutathione synthase, buthionine-sulphoximine (BSO), prevented this effect (Table 1) . Glutathione in reduced form (GSH) was as effective as cysteine, while its oxidized form (GSSG) was less effective; neither of their effects were affected by BSO (Table 1) .
When superoxide dismutase was added to our culture media, cell viability was not improved whereas catalase clearly protected the osteoblasts. Superoxide dismutase also had no effect in conjunction with catalase (Table 1) .
Osteoblasts support one another's survival in culture by secreting survival factors that are not antioxidants
The finding that osteoblasts survived longer when cultured at high density suggests that the cells in high density cultures promote one another's survival through cell-cell contact survival factors or by secreting survival-promoting factors. Consistent with the latter suggestion, culture medium from high density (10 5 cells/well) osteoblast cultures promoted the survival of low density osteoblast cultures. When osteoblasts were cultured at a cell density of 5 10 4 cells/well in the presence of conditioned medium 63 4% of osteoblasts survived after 144 h in culture compared with a control level of 30 3% in the absence of conditioned medium (data not shown). Addition of cysteine to the conditioned medium from high density cultures did not further enhance survival of mouse osteoblasts cultured at 5 10 4 cells/well. Addition of cysteine to the conditioned medium was required to save mouse osteoblasts cultured at c2 10 4 cells/well (data not shown). A similar effect was seen when conditioned medium from high density human MG63 osteoblast cultures was added to low density mouse osteoblasts (data not shown).
When conditioned medium from high density cultures of either mouse or human osteoblasts was fractionated by ultrafiltration using a membrane with a molecular mass cut-off of 5 kDa, the survival-promoting activity was recovered in the concentrate and not in the filtrate. When cultured at a cell density of 5 10 3 in the presence of concentrate 83 5% of osteoblasts survived after 48 h and 47 4% after 144 h compared with a control level of 48 3% for osteoblasts cultured after 48 h and 8 1% after 144 h in the absence of conditioned medium (data not shown). However, when osteoblasts were cultured in the presence of the filtrate only 56 3% survived after 48 h and 13 2% survival was observed after 144 h. This suggested that one or more osteoblast-derived growth factors was responsible for promoting osteoblast survival. Labelling osteoblast DNA with [ 3 H]cytidine confirmed that cold thymidine effectively blocked the effects of FCS and conditioned medium from high density cultures on osteoblast proliferation (Table 2 ).
Figure 3
Apoptosis of primary mouse osteoblasts detected by DNA fragmentation. Primary mouse osteoblasts were cultured at a density of 5000 cells per well of 96-well plates in CMRL-1066 medium containing thymidine (10 3 M), with and without conditioned medium from high density osteoblast cultures for 1 or 2 days. DNA was extracted and 5 g was analysed by electrophoresis on a 2% agarose gel. DNA was visualized with ethidium bromide. Lanes 1 and 2, DNA isolated from osteoblasts cultured in the absence of CM from high density cultures after 1 and 2 days respectively. Lane 3, DNA isolated from osteoblasts after 2 days in culture with conditioned medium from high density osteoblast cultures. Lane A, DNA size marker. 
Effects of neutralizing antibodies to growth factors on osteoblast survival
To determine which particular growth factors might be responsible for promoting osteoblast survival we assessed the effects of neutralizing antibodies to those growth factors that are produced by osteoblasts. We found that antibodies to IGF-I and -II were capable of preventing the survival-promoting effects of conditioned medium on low density osteoblast cultures whilst antibodies to PDGF and bFGF were without effect and did not augment the inhibitory activity of the IGF antibodies (Table 3) . When the various antibodies were added to high density MG63 osteoblast cultures in the absence of conditioned medium, a similar effect was observed (Table 3) .
Discussion
Our studies demonstrate that osteoblasts do not require signals from other cell types to survive if cultured at high cell density in the absence of serum, exogenous proteins or non-protein molecules. This is similar to survival characteristics of both chondrocytes and lens epithelial cells (Tschan et al. 1990 , Ishizaki et al. 1993 . Our studies also show that osteoblasts require assistance from other osteoblasts to survive in culture: the cells die rapidly when cultured at low cell density, but can be saved by conditioned medium from high density osteoblast cultures. The apparent rapid cell death prominent in cells cultured at a density of c5 10 3 cells per well within the first 3 h of switching to serum-free medium may be due to a lack of adhesion resulting from a lack of cell-cell contact survival factors. We deomonstrate that the deaths involve activation of an endogenous endonuclease as shown by DNA laddering, a characteristic feature of apoptosis , suggesting that the cells die by active PCD.
The survival of a given cell may be determined by its balance of reactive oxygen intermediates (ROI) and antioxidants. Our demonstration that a variety of antioxidants that scavenge or detoxify ROIs suggests that the latter may be responsible for mediating osteoblast death in the low density cultures.
Since sulphydryl reagents can act as oxygen radical scavengers (Cadenas 1989 ), these observations suggested such radicals might be a possible cause of the observed cytotoxicity. Oxygen radicals arise from molecular oxygen by one-electron transfer reactions. For example, O 2 and OH can be formed in the presence of Fe 2+ according to:
(1)
Toxic oxygen-derived compounds can be eliminated enzymatically. O 2 is decomposed by superoxide dismutase, and catalase degrades H 2 O 2 to oxygen and water, thus also preventing the production of OH (formula 3). Both of these enzymes are known to protect cells from oxygen toxicity (Cadenas 1989) . Our results show that oxygen toxicity caused the loss of viable cells in serum-free osteoblast culture. The findings also emphasize the importance of H 2 O 2 or OH , rather than O 2 . Although we found that antioxidants are important for the survival of osteoblasts in low density cultures (c5 10 3 cells/well), they are not enough: extracellular signalling molecules also seem to be required. This is suggested by our findings that (a) the survival-promoting activity in the conditioned medium from high density osteoblast cultures collaborates with antioxidants such as cysteine and is associated with molecules that are larger than 5 kDa, and (b), this activity is prevented by antibodies to known growth factors.
While conditioned medium from high density osteoblast cultures does not require antioxidants to promote the survival of either mouse or human osteoblasts cultured at 5 10 4 cells/well, it does require antioxidants to promote the survival of osteoblasts cultured at c5 10 3 cells/well. We conclude that osteoblasts, like chondrocytes and many other cells, require signals from their neighbours in order to avoid PCD, at least in culture. Furthermore, these signals do not function solely as antioxidants, and osteoblasts themselves can secrete such signals. However, the evidence from this study showing that conditioned medium from high density osteoblast cultures was unable to achieve a 100% osteoblast survival rate, suggests that other factors, possibly cell-to-cell contact factors, play a role in promoting the survival of osteoblasts cultured at high cell densities. Murine osteoblasts were cultured in 96-well plates at low cell density (5 10 3 cells/well) and MG63 osteoblasts were cultured at high cell density (5 10 4 cells/density) for 2 days. Conditioned medium from high density MG63 cultures was added to the low density cultures as indicated. Human polyclonal antibodies to FGF, IGF-I and IGF-II were added at a final concentration of 2 g/ml and to PDGF at 5 g/ml. The results are the means S.E.M.s of quadruplicate cultures. **P<0·01 significantly different from the control.
Of the neutralizing antibodies to growth factors that we tested, both the IGF-I and IGF-II antibodies prevented the survival-promoting activity of osteoblast conditioned medium. Osteoblasts have been shown to make both these growth factors (McCarthy et al. 1989) and we have previously shown that IGF-I and IGF-II stimulate osteoblast survival in vitro via an interaction with type-I IGF receptors (Hill et al. 1997) ; it seems likely that these growth factors may promote osteoblast survival in vivo. Whilst these growth factors stimulate osteoblast proliferation (McCarthy et al. 1989 , Ernst & Rodan 1990 , we were able to differentiate between their effects on survival and proliferation by incorporating cold thymidine into the culture medium which effectively blocked the proliferative effects of the conditioned medium. Although bFGF, transforming growth factor-(TGF ), PDGF, IGF-I and IGF-II are all present in the bloodstream, it is apparent that the paracrine biosynthesis of growth factors is more important in the modulation of cellular activity (Holly & Wass 1989) . The IGFs are probably two of the most important regulators of bone mass because they are synthesized by bone cells, and are present in substantial concentrations in bone tissue (Ernst & Rodan 1990) . It seems likely that growth factors released from the extracellular matrix and neighbouring cells are responsible for promoting the survival of osteoblasts in bone as they do in vitro. The IGFs have previously been shown to be important survival factors during normal tissue development of other cell types such as Schwann cells (Delaney et al. 1999) and also in the prevention of cytokine-mediated cell death in pancreatic islets (Hill et al. 1999) . The IGFs have also been shown to prevent apoptosis in many tumour cell lines. It has been demonstrated that IGF-I is the most important growth factor present in serum that prevents apoptosis in neuroblastoma cells (Van Golen & Feldman 2000) and this is associated with regulation of the levels of the anti-apoptotic proteins Bcl-2 and Bcl-X L . IGF-I also protects colon cancer cells from death factorinduced apoptosis (Remacle-Bonnet et al. 2000) . In contrast to the survival-promoting effects of IGF-I reported here, it has been demonstrated that stimulation of human osteoblasts with IGF-I induces expression of Fas and subsequently increases their susceptibility to Fas-mediated apoptosis when co-cultured with FasL + cells (Kawakami et al. 1998) . It remains to be seen whether IGF-I increases susceptibility to Fas-mediated apoptosis in murine osteoblasts.
The isolation procedure used in this study will yield osteoblasts at different stages of differentiation from osteoprogenitor through to mature osteoblasts. A significant proportion of these cells stain strongly for alkaline phosphatase, suggesting they are of the pre-osteoblast/ osteoblast stage of differentiation. Although it is not certain whether osteoprogenitors express IGF-I or IGF-I receptors, evidence suggests that genes for regulatory proteins such as fibroblast growth factor receptor-I are modulated during progression from late osteoprogenitor to preosteoblast and osteoblast stages (Aubin 1998) . Therefore, in our culture system these stages would be responsive to the survival-promoting effects of IGF-I.
Although interleukin-6 (IL-6) and transforming growth factor-(TGF-) have recently been shown to prevent tumour necrosis factor-(TNF )-mediated apoptosis in murine MC3T3-E1 osteoblasts in vitro (Jilka et al. 1998) , our previous studies have shown that neither of these cytokines influence osteoblast survival (Hill et al. 1997) . Further studies will be necessary to clarify the role of IL-6 and TGF-in osteoblast survival under differing conditions since these cytokines have been found to promote apoptosis in other cell types. Although we found no inhibitory activity with either bFGF or PDGF neutralizing antibodies this does not exclude a role for the involvement of these growth factors in vivo. There are an increasing number of examples where several distinct extracellular signalling molecules have been shown to collaborate to promote cell survival in culture (Barres et al. 1993) , presumably reflecting the advantages of combinatorial control.
Although we did not assess whether other cells within the bone microenvironment can promote the survival of osteoblasts, it has previously been shown that lens epithelial cells can promote chondrocyte survival and vice versa (Ishizaki et al. 1994) . One theoretical advantage of having cells depend on signals from their neighbours for survival is that any cell that ends up in an abnormal location would fail to receive the survival signals it requires and would consequently die; because cells seem to require a combination of signals for sustained survival, at least in culture, a relatively small selection of signalling molecules used in different combinations could specifically control the survival of many distinct cell types.
Interestingly, osteoblast apoptosis has been shown to occur in vivo with a frequency of 0·6% (Jilka et al. 1998) and it has been concluded that only about 15% of terminally differentiated osteoblasts survive to become osteocytes in vivo (Parfitt 1990) , although what activates the death program in these cells remains unknown. An explanation may involve the loss of expression of type-I IGF receptors by terminally differentiated osteoblasts similar to the loss of expression of bFGF receptors by hypertrophic chondrocytes (Iwamoto et al. 1991) .
Osteoblast apoptosis has also been shown to be important in the pathogenesis of certain metabolic bone diseases. Studies have shown that exposure to high doses of glucocorticoids such as dexamethasone increase apoptosis of mature osteoblasts and osteocytes resulting in glucocorticoid-induced osteoporosis (Weinstein et al. 1998) . Interestingly, it has been shown that glucocorticoids decrease levels of mRNA and polypeptide for IGF-I (Delaney & Canalis 1995) and thus some of the effects of glucocorticoid excess may be mediated by decreased levels of IGF-I. Osteoblast apoptosis may also be important in postmenopausal osteoporosis since it has been shown that oestrogen inhibits osteocyte and osteoblast apoptosis .
Future studies will be directed towards elucidating the role of cell-cell contact in osteoblast survival.
